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Abstract 
The effects of wave-current interaction on storm surge are investigated by a two-
dimensional wave-current coupling model through simulations of Typhoon Morakot 
in the Taiwan Strait. The results show that wind wave and slope of sea floor govern 
wave setup modulations within the nearshore surf zone.  Wave setup during Morakot 
can contribute up to 24% of the total storm surge with a maximum value of 0.28 m. 
The large wave setup commonly coincides with enhanced radiation stress gradient, 
which is itself associated with transfer of wave momentum flux. Water levels are to 
leading order in modulating significant wave height inside the estuary. High water 
levels due to tidal change and storm surge stabilize the wind wave and decay wave 
breaking. Outside of the estuary, waves are mainly affected by the current-induced 
modification of wind energy input to the wave generation. By comparing the observed 
significant wave height and water level with the results from uncoupled and coupled 
simulations, the latter shows a better agreement with the observations. It suggests that 
wave-current interaction plays an important role in determining the extreme storm 
surge and wave height in the study area and should not be neglected in a typhoon 
forecast. 
 
Key words: Typhoon Morakot, wave-current interaction, wave setup, radiation stress 
gradient. 
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1. Introduction 
Tide-surge interaction is now recognized to cause limitations for numerical model 
to reproduce observed changes in mean water level under extreme weather conditions, 
especially at surf zones. Wave setup or setdown, typically arising from wave breaking, 
may be one mechanism that explains this discrepancy (Roland et al., 2009; Kim et al., 
2010; Dietrich et al., 2011; Brown et al., 2013; Feng et al., 2016). Radiation stress 
serves as reservoirs of momentum flux between surface waves and underlying ocean 
currents, and is proportional to the wave energy density (Longuet-Higgins and 
Stewart, 1964; Smith 2006). The transfer of momentum flux from wind waves to 
water column is more evident when waves propagate from deep to shallow water, 
essentially by the gradients of radiation stress (Longuet-Higgins and Stewart, 1962). 
Water levels and currents have, in turn, a profound effect on wave height through 
distinct mechanisms. In the nearshore area, significant wave height (SWH) is strongly 
influenced by time-varying water depth (Bolaños et al., 2014). Ocean currents 
accelerate or decelerate the energy transferred from surface winds to surface waves 
outside the estuary, depending on the orientation of the current and the waves 
(Gonzalez, 1984; Wolf and Prandle, 1999; Hopkins et al., 2016). The wave-current 
interaction depends on many factors, including continental shelf geometry (Resio and 
Westerink, 2008), bathymetry (Raubenheimer et al., 2001), coastal morphology 
(Malhadas et al., 2009) and the path of hurricanes or typhoons (Feng et al., 2012).  
The Taiwan Strait (TS) is located in the western Pacific Ocean at the intersection 
between the East China Sea (ECS) and the South China Sea (SCS), and is 
characterized by very strong tides and complex bottom topography (Hong et al., 
2011). On average, 7.8 typhoons per year hit this important transition region of the 
two marginal seas, causing severe economic damage in both Mainland China and 
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Taiwan (Cai et al., 2009). For example, in Fujian province of China (Fig. 1), storm 
surges and coastal flooding caused about US$ 18.10 billion direct economic losses 
and 1,229 fatalities from 1989 to 2014 (Fang et al., 2017). A better understanding of 
storm surge processes is therefore important. Previous studies have focused on tide-
surge interaction in the TS (Zhang et al., 2010; Liu et al., 2016), while the effects of 
wave-current interaction during storm surges remain relatively understudied. 
Here we examine the case of Typhoon Morakot (2009), with a key focus on the 
role of wave-current interaction (based on radiation stress theory in Longuet-Higgins 
and Stewart, 1962) in the nearshore areas near Fujian. Note that, in this article, our 
definition of current simply refers to tidal and surge-induced currents. The outline of 
the paper is as follows. In-situ observations and model setup are introduced in Section 
2. Section 3 contains model validation. Section 4 includes a summary of the 
simulation results and a discussion of the effects of wave-current interaction during 
Typhoon Morakot. We present our conclusions in Section 5. 
 
2. Methods 
2.1. Typhoon Morakot 
       The moving path of Typhoon Morakot (data from the China Meteorological 
Administration) is shown in Fig. 1. Morakot formed in the northwestern Pacific, 
northeast of the Philippines (21.2°N, 135.6°E), at 0200 UTC 4 August 2009, with an 
initial maximum wind speed of 18 m/s and central pressure of 994 hPa. It attained to 
the regulating strength of a typhoon at 1400 UTC 5 August and moved west towards 
Taiwan. Morakot made the first landfall on the east coast of Taiwan around 0000 
UTC 8 August with maximum wind speed exceeding 30 m/s, and then turned 
northward around 0500 UTC 8 August. The Morakot eye moved into the TS at 0900 
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UTC 8 August and made its second landfall on the west coast of Fujian 31 hours later, 
around 1600 UTC 9 August.  
 
Fig. 1. (a) The bathymetry of the model domain. Twenty-eight tide-gauge stations 
used for validation of harmonic constants are marked with black dots. Inset map 
shows the Taiwan Strait and its adjacent region, with the path of Typhoon Morakot in 
 6 
August 2009. The model domain is within the red box. (b) Schematic representation 
of land topographic features of the model domain with name markers of the locations 
of tide-gauge stations, buoys and meteorological stations. The path of Morakot is 
shown as a black line. Buoys 1, 2 and two meteorological stations used for validation 
of wind speed and significant wave height are shown with blue crosses. The five tide-
gauge stations used for validation of water levels are shown with red dots. The ocean 
is coloured light grey. 
2.2. In-situ observations 
The harmonic constants of four major tidal constituents (M2, S2, K1, O1), at 28 
tide-gauge stations (Fig. 1a), were computed using harmonic analysis (Pawlowicz et 
al., 2002) from the sea level data provided by the State Oceanic Administration of 
China and Taiwan’s Central Weather Bureau. Two waverider buoys (Fig. 1b), both 
equipped with a meteorological package, measured SWH and wind speed. Buoys 1 
and 2 were operated by Xiamen University and National Central University of 
Taiwan, respectively. Wind and wave measurements at two meteorological stations 
(Hualien, Kinmen) are used to complement the buoy data. Finally, five float type tide-
gauge stations operated by the State Oceanic Administration of China along the 
Fujian coast (Fig. 1b), obtained water level observations during Morakot.  
       In the following validation section (Section 3), all the aforementioned in-situ 
observations will be used to validate models. The results from dynamical interest 
regions only (Sansha, Pingtan, Chongwu, Buoys 1 and 2) are discussed in Section 4.  
2.3. Model domain 
Numerical simulations are based on a coupling of the ADCIRC circulation model 
and the SWAN wave model. The computational domain extends from 19.84°N to 
27.32°N, and from 115.95°E to 124.51°E, encompassing the whole TS and adjacent 
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oceanic regions, from the southern part of the ECS to the northeastern part of the SCS 
(Fig. 1a). The unstructured mesh over the computational domain was generated by 
Surface Water Modeling System 10.1, including 28,100 computational nodes and 
52,871 triangle units. Fine horizontal resolution of mesh in the range 0.7-2.5 km was 
applied to the surf zone, and relatively coarse mesh resolution of 2.5-36 km was 
applied in the TS and western Pacific regions to capture the generation of waves in 
deep water and their propagation onto the continental shelf. The simulations run from 
4 August to 11 August, and the results from 7 August to 11 August are used in the 
present study. 
The coastline was determined by the Global Self-Consistent Hierarchical High-
resolution Geography Database (GSHHG), provided by National Oceanic and 
Atmospheric Administration (NOAA). To improve the accuracy of coastline along the 
Fujian Province of China, corrections were applied according to the nautical charts, 
published by China Maritime Safety Administration (CMSA). The bathymetry (Fig. 
1a) was obtained from the NOAA ETOPO2 dataset, and corrections were applied to 
the nearshore zone from the tidal information panel. The minimum water depth was 
set to be 4 m. The moving speed of typhoon eye and pressure data during Morakot 
were obtained from the CMA Tropical Cyclone Data Center 
(http://tcdata.typhoon.gov.cn/en/). 
2.4. Model Implementation 
  Here, we employed a simple one-way coupling method (Huang et al., 2010). 
Three steps are needed. First, the ADCIRC is initiated and run with astronomic tidal 
and meteorological forcing to output water levels and currents. This run is denoted by 
‘ADCIRC only’. Second, the information of water levels and currents from run 
‘ADCIRC only’, as well as the same meteorological forcing, is used as inputs to run 
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SWAN. Third, radiation stress gradients produced by SWAN, astronomic tidal and 
meteorological forcing are transferred back to ADCIRC, to obtain the coupled water 
levels and currents. This return-run is denoted by ‘ADCIRC + SWAN’.  
  To do comparisons (Section 3), the SWAN driven by meteorological forcing is 
run alone, denoted by ‘SWAN only’. Furthermore, another ADCIRC run is applied, 
only driven by astronomic tidal forcing at the open boundary. This run is denoted by 
‘ADCIRC tide’, and the results are used in the validation of harmonic constants 
(Section 3.1) and co-tidal chart analyses (Section 4.1). 
 
2.5. Wave-induced radiation stress 
The essence of wave setup or setdown is well captured by the spatial gradient of 
radiation stress, which represents the transition of the momentum flux induced by 
wave breaking. The gradients of radiation stress are defined as, 
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where    and    denote the gradient of radiation stress in the  ,   directions, 
respectively. Radiation stresses    ,    ,     and     are determined in terms of wave 
energy density spectrum from SWAN, and defined as, 
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where   is the water density,   is the gravitational acceleration,   is the ratio of group 
velocity to phase velocity,  (   ) is the directional wave energy density spectrum,   
is the absolute frequency determined by the Doppler shifted dispersion relation, and   
is the spectral direction. 
 9 
The governing equations in the ADCIRC and SWAN models are described in 
Dietrich et al. (2011). Note that the gradients of radiation stress (   and   ) are 
included in the ADCIRC governing equations (i.e., the generalized wave continuity 
equation and vertically-integrated momentum equations) to obtain water levels and 
currents. In turn, the water levels and currents being passed to SWAN will update all 
the depth- and current-related terms in the action balance equation (e.g., depth- and 
current-induced refraction, the shifting of the relative frequency). 
2.6. Meteorological forcing 
Following Fujita (1952), the initial pressure profile of a typhoon is expressed as 
       (      ) √   (   ) ,  (3)  
where    is the ambient pressure of the typhoon eye,    is the central pressure of the 
typhoon eye,   is the distance between a grid and the typhoon eye and   is the 
function of maximum wind speed radius of a typhoon.  
       The wind field  can be expressed as 
             ,  (4)  
where    and    are the empirical coefficients (Fujii and Mitsuta 1986),   denotes 
the wind fields associated with surface pressure, and    denotes the wind fields 
caused by typhoon motion.  
       By assuming the gradient wind relation, we determine   as 
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where   is the Coriolis parameter,    is the air density,   represents the direction of 
the grid relative to the moving typhoon centre,   is the angle between gradient wind 
and sea surface wind, and  ⃗  and  ⃗  are the unit vectors in the  ,   directions, 
respectively. 
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       Following Miyazaki et al. (1961),   is defined as 
         (
   
      
)   (   ⃗    ⃗),  (6)  
where   ,    denote the velocity components of the typhoon motion in the  ,   
directions, respectively.  
       The geometry and land topography (Fig. 1b) have an impact on the structure of 
wind fields blowing through the TS (Chang et al., 1993; Shimada et al., 2016). 
Enhanced northeasterly along-strait winds associated with tropical cyclones are often 
observed (Zhang et al. 2009; Wei, 2015). Briefly, following method in Chen (2006), 
we introduced a weighted factor, which takes into account bathymetry, the width of 
the TS, land topography and the locations of the typhoon eye, to improve the accuracy 
of wind simulations. The weighted factor is generally larger than O (1) in the TS in 
our simulations. Finally, we ignore the background wind forcing in this study, since it 
is negligible compared to the typhoon wind field. 
2.7. Oceanic boundary forcing 
       Tidal forcing at the ocean lateral boundary, including eight major tidal 
constituents (M2, S2, N2, K2, K1, O1, P1, Q1), is derived from the OSU Tidal Inverse 
System (OTIS, Egbert and Erofeeva, 2002). The non-slip boundary condition was 
applied over the land boundary. Water levels and velocities at all computational nodes 
were set to be zero at initialization. Bottom friction effect is represented by the 
quadratic bottom friction stress formula with drag coefficient of 0.0025. 
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3. Model validation  
3.1. Tide validation 
The modeled harmonic constants (amplitude and phase of M2, S2, K1 and O1) 
agree well with those estimated from observations (Fig. 2), with best-fit slopes of 
0.95-1.10 and statistically significant correlation coefficients exceeding 0.90. The 
mean absolute error of harmonic constants of four major tidal constituents is in the 
range of 1.9 cm (O1) to 5.7 cm (M2) for amplitude and 3.25° (O1) to 4.95° (S2) for 
phase. Simulation results have a better agreement with observations located on the 
west bank of TS than the east bank, most likely due to higher horizontal resolution 
near the Fujian coastal region. 
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Fig. 2. The comparison of modeled tidal amplitude (left panel) and phase (right panel) 
with observations at the twenty-eight tide-gauge stations for (a-b) M2, (c-d) S2, (e-f) 
K1 and (g-h) O1 tides. Stations 1-12 are shown with black circles, and the rest (13-28) 
are shown with black plus signs. The lines of best fit are shown with black solid lines 
with the slope  identified. 
 
3.2. Wind and wave validation 
The overall modeled wind speed matches well with measurements throughout the 
time series (Figs. 3a-d). The mean absolute error of wind speed at Hualien, Buoy 1, 
Buoy 2 and Kinmen stations are 5.88 m/s, 3.58 m/s, 3.35 m/s and 2.15 m/s, 
respectively. It is noted that modeled wind speeds reflect the observed peaks well, 
with differences all less than 5 m/s. 
SWH values estimated from model runs ‘SWAN only’ and ‘ADCIRC + SWAN’ 
are compared to observations in Figs. 3e-h. By including the effects of water levels 
and currents, ‘ADCIRC + SWAN’ run showed a more consistent pattern with 
observations than the ‘SWAN only’ run. For example, the correlation coefficient 
increased from 0.85 to 0.90 at Buoy 1 and from 0.82 to 0.84 at Buoy 2. The simulated 
SWH at Hualien also matches well with the observed SWH. Further, the observed 
SWH (< 3 m) at Kinmen are small compared with other three stations as Kinmen is 
far from the Morakot path. However, in our simulations SWH at Kinmen is 
overestimated during the storm (with a maximum value of 4 m) and underestimated 
after the storm. 
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Fig. 3. The comparison of modeled wind speed (left panel) and significant wave 
height (right panel) with observations at (a and e) Hualien station, (b and f) Buoy 1, (c 
and g) Buoy 2 and (d and h) Kinmen station. The observed data are shown with black 
dots. The blue lines on the left panel denote modeled wind speed. The blue and 
orange lines on the right panel denote the model results from ‘SWAN only’ and 
‘ADCIRC + SWAN’, respectively. 
 
3.3. Water level validation 
  The modeled water levels have been validated by direct observations collected at 
five tide-gauge stations. The coupled water levels obtained from the run ‘ADCIRC + 
SWAN’ agreed well with observed water levels (Fig. 4). Including radiation stress 
gradient in the run ‘ADCIRC + SWAN’ has improved the water levels to match the 
observed peak values and the average absolute error compared to the ‘ADCIRC only’. 
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This feature is more obvious at stations near the track (e.g., the mean absolute error 
decreased from 0.38 m to 0.33 m at Sansha and from 0.26 m to 0.20 m at Pingtan). At 
stations distant from the Morakot track (e.g., Xiamen, Dongshan), the water levels 
from model runs ‘ADCIRC only’ and ‘ADCIRC + SWAN’ were remarkably similar, 
indicating the negligible wave effects on the storm surge at these locations. 
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Fig. 4. The comparison of coupled water levels with observations at five tide-gauge 
stations. The observed data are shown with black dots, the modeled results from 
‘ADCIRC + SWAN’ are shown with orange lines. 
 
4. Results 
4.1. Characterization of tidal waves in the TS 
  A key step in simulating the wave-current interaction during a typhoon is to 
obtain accurate tidal fields, especially in a tide-dominated region like the TS. The co-
tidal charts of the semi-diurnal (M2) and diurnal (K1) tides in the TS are provided by 
Fig. 5. The general structure of co-amplitude and co-phase lines is consistent with 
previous numerical studies (Fang et al., 1999; Jan et al., 2004; Hu et al. 2010). The 
M2 tide is the largest tidal constituent in the TS, with a range of amplitude from 0.4 to 
2 m (Fig. 5a). It is visible as a southward-propagating Kelvin wave on the west bank 
of TS and a nearly standing wave near the southwestern coastal regions of Taiwan. 
The tidal wave propagation and reflection, shaped by the underlying abruptly 
deepened topography over south of the Taiwan Bank (Fig. 1a), might be the key 
contributor of the co-existence of two distinct waves in the TS (Jan et al., 2002; Jan et 
al., 2004; Yu et al., 2017). The large amplitude (~2 m) of M2 tide is common from the 
middle section to the northern end of the TS, while abruptly decreasing occurs in the 
southern TS. In contrast, the K1 tide appears as a single propagating wave, mostly 
aligned along the TS with a much smaller magnitude (0.2-0.32 m) (Fig. 5b). Both M2 
and K1 tides exhibit enhanced amplitudes on the west bank of the TS (Fig. 2), as 
expected from Coriolis effects. This feature is also clearly seen by the amplitudes of 
M2 and K1 tides at 28 tide-gauge stations (vertical bars in Fig. 5) distributed on both 
sides of the TS.  
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Fig. 5. Co-tidal chart for the (a) M2 and (b) K1 tides. The amplitude of the tide (black 
lines) is in metres and the tide phase (orange lines) is in degrees. Vertical bar 
represents the modeled amplitude at twenty-eight tide-gauge stations. 
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4.2. Wind and wave simulations 
We next examine a series of simulation results at three time points: i) 1800 UTC 
7 August (six hours before Morakot’s landfall on Taiwan), ii) 1400 UTC 8 August 
(five hours after Morakot entered the TS) and iii) 1400 UTC 9 August (two hours 
before Morakot’s landfall on Fujian). 
The coupled SWH with wind fields in the model domain are shown in Figs. 6a-c. 
The striking feature of wind fields at 1800 UTC 7 August was the anti-clockwise 
winds centered at Morakot’s eye, blowing a large portion of easterly winds against 
Hualien station, and winds aligned along the TS. The largest waves were generated 
near the Morakot’s center, exceeding 10 m. Consistently, wind speeds at Hualien 
showed the most rapid increase on 7 August (Fig. 3a), with maximum observed value 
of 25 m/s at 1200 UTC 7 August, coincident with the occurrence of largest SWH, 
which was about 10 m (Fig. 3e). 
In the TS, the modeled wind speed was of order 20 m/s, with SWH about 6 m. It 
is consistent with observed values at Buoy 2. Remarkably, the observed wind speed at 
Buoy 2 reached to about 20 m/s at the same time as Hualien (about nine hours before 
Morakot entered the TS), and remained uniformly strong at O (20 m/s) until the 
secondary peak of wind speed occurred at Buoy 1 (Figs. 3b and c). These persistently 
strong winds were largely due to the geometry effects of the TS. Our modified wind 
model captures this marked feature well (Fig. 3c).  
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Fig. 6. Planar views of coupled SWH (left panel) and storm surge (right panel) during 
Morakot. The six panels correspond to the following times: (a and d) 1800 UTC 7 
August 2009, (b and e) 1400 UTC 8 August 2009, (c and f) 1400 UTC 9 August 
2009. Wind speed vectors are superimposed as black arrows. The path of Morakot is 
shown as a black line and the eye is represented by a purple dot. 
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At 1400 UTC 8 August, the largest waves were generated around the Morakot’s 
center in the TS, and mainly propagated onto the west bank of the TS (Fig. 6b). The 
wind speed and SWH at Hualien decreased very quickly once Morakot had passed 
this region, with wind speed less than 10 m/s and SWH smaller than 1 m (Figs. 3a and 
e). The observed wind speed at Buoy 1 increased more gently compared to Hualien as 
Morakot entered the TS, peaking at 22 m/s around 0000 UTC 9 August (Fig. 3b). The 
SWH also attained a maximum value about 3.85 m at the same time. The observed 
SWH at Buoy 2 had a larger magnitude than Buoy 1, exceeding 6.5 m when Morakot 
entered the TS (Figs. 3c and g). After that, SWH at Buoy 2 steadily decreased to 
about 2.5 m at Morakot’s landfall on Fujian. 
  Before Morakot’s landfall on Fujian (Fig. 6c), the impact of Morakot on waves 
was mainly on the right-hand side of its path, where the SWH reached to about 6 m. 
In the majority of the TS regions, the wind speed was small and SWH decreased 
dramatically compared to Fig. 6b. However, a secondary peak of wind speed occurred 
at Buoy 1 about 11 hours after Morakot’s landfall on Fujian (0300 UTC 10 August), 
whereas the SWH was small (about 1 m). This secondary peak is well reproduced in 
model results (Fig. 3b). 
4.3. Storm surge and wave setup 
Figs. 6d-f show the coupled storm surge in the TS, which is the difference in the 
water levels between runs ‘ADCIRC tide’ and ‘ADCIRC + SWAN’. Generally, the 
storm surge during Morakot was widespread and large. A range of -0.5 to 1.5 m storm 
surge, driven by the meteorological forcing and wave momentum flux, can be seen in 
the TS. In particular, when Morakot entered the TS (Fig. 6e), the storm surge in most 
of the coastal region of Fujian was on the order of 1 m. Consistent with SWH in Fig. 
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6c, the major storm surge was on the right-hand side of the Morakot path before its 
second landfall (Fig. 6f). 
 
Fig. 7. Planar views of coupled wave setup (left panel) and radiation stress gradient 
(right panel) during Morakot. The six panels correspond to the following times: (a and 
d) 1800 UTC 7 August 2009, (b and e) 1400 UTC 8 August 2009, (c and f) 1400 UTC 
9 August 2009. Wind speed vectors are superimposed as black arrows. The path of 
Morakot is shown as a black line and the eye is represented by a purple dot. 
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As waves propagate from the continental shelf into the shallow surf zone, 
radiation stress gradient is generated and induce wave setup. The wave setup is 
computed as the difference in the water levels between runs ‘ADCIRC only’ and 
‘ADCIRC + SWAN’ (Figs. 7a-c). Wave setup gradually distributed in the nearshore 
areas with an enhancement on the right hand of Morakot path, while wave setdown 
distributed in most offshore areas. It is consistent with the setup nearshore and 
setdown offshore (Bowen et al., 1968; Olabarrieta et al., 2011). The mean wave setup 
in the TS was 0.04 m, with the largest values 0.28 m. In the nearshore area, wave 
setup is increasingly important. The wave setup associated with radiation stress 
gradient contributions ranged from 4% to 24% of the overall storm surge. The mean 
wave setdown was -0.03 m, while the largest setdown was about -0.10 m, 
approximately two times smaller than the wave setup peak value. 
 The radiation stress gradient throughout the TS was in the range of 10
-5
-10
-3
 m
2 
s
-2
 
(Figs. 7d-f). In the nearshore surf zone, radiation stress gradient was intensified as 
waves shoaled and broke, with values on the order of 10
-3
 m
2 
s
-2
. Enhanced wave 
setup was common to regions of large radiation stress gradient, suggesting a causal 
relationship between the two variables. 
4.4. Wave effects on storm surge 
In the previous section, the wave setup induced by gradients of radiation stress is 
shown to be significant in the nearshore areas. We now have a closer look at the time 
series of wave setup and SWH at our dynamical interest regions (Fig. 8). This was 
achieved by confining the modeled results to 5 km   5 km box centered on Sansha, 
Pingtan, Chongwu and Buoys 1, 2. The mean and standard deviation values are 
computed over each box. 
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The wave setup varied significantly with time and areas (Fig. 8). The regions near 
the Morakot path (e.g., Sansha and Pingtan) had substantially larger magnitude than 
those relatively far from the path (e.g., Chongwu). The maximum wave setup (0.28 m) 
occurred to the east of the Pingtan at 1400 UTC 8 August, when waves of ~10 m 
propagated from north of the TS were breaking as the water depth shoals sharply. The 
wave setup broadly follows the trend of SWH in the nearshore areas (Figs. 8a-d). The 
wave setup is modest at times of weak SWH, but is elevated when large SWH 
propagates through the respective locations. SWH exhibits more high-frequency 
variability (e.g., M2 semi-diurnal tidal signal) than wave setup. To isolate wind-wave 
features from these tidal oscillations, a 12-hour time averaging is applied to SWH and 
wave setup, and scatter plots are used to illustrate correlations between different 
variables. We find that most of the enhanced wave setup periods coincide with large 
values of SWH (Fig. 9), as indicated by an overall strong correlation between SWH 
and wave setup inside the estuary. However, a somewhat different picture, in which 
the magnitude of wave setdown is proportional to the SWH, is found at Buoy 2. It 
suggests that wave setup and setdown are closely associated with offshore SWH, and 
the larger SWH, the larger wave setup inside the estuary and wave setdown outside 
the estuary. 
Table 1 shows the time of occurrence of max wave setup and the corresponding 
wind-driven storm surge. Wind-driven storm surge is estimated by the differences in 
the water levels between runs ‘ADCIRC only’ and ‘ADCIRC tide’. The wave 
contribution to storm surge at Pingtan region might attain a maximum value about 
24.0% of the instantaneously coupled storm surge. The contributions of wave setup at 
regions of Sansa, Chongwu and Buoy 1 were in the range of 6.9%-17.2%. Wave 
setdown occurred at Buoy 2, which was outside of the surf zones. Furthermore, 
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negligible wave contribution to storm surge (< 4%) can be seen in the regions of 
Xiamen, Kinmen and Dongshan, which are far from the Morakot moving path. 
The magnitude of wave setup is likely to be dynamically constrained by the slope 
of the sea floor (Resio and Westerink, 2008). Wave effects to storm surge in regions 
of steep slope are shown to be substantially larger than those in the gently sloping 
continental shelf (Funakioshi et al., 2008; Dietrich et al., 2010). To further link the 
wave setup to the slope of the sea floor in the TS, we next examine an appropriate 
scaling for wave setup (Resio and Westerink, 2008)       |   |   , where    is 
the wave setup, |   | is the magnitude of radiation stress gradient, and   is the mean 
water depth. For the TS,   = 180 km,   = 60 m and |   | = 10
-3
 m
2
 s
-2
, predicts a 
wave setup of 0.3 m, which is consistent with the maximum value 0.28 m in our 
model. This scaling argument suggests that for the TS wave setup plays an important 
role in determining the extreme state of the local storm surge.  
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Fig. 8. Mean wave setup (black lines) and coupled SWH (blue lines) at regions of (a) 
Sansha, (b) Pingtan, (c) Chongwu, (d) Buoy 1 and (e) Buoy 2 during Morakot. The 
standard deviation is shown by the light shades. 
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Fig. 9. Wave setup dependence on SWH at regions of (a) Sansha, (b) Pingtan, (c) 
Chongwu, (d) Buoy 1 and (e) Buoy 2 during Morakot. Fields are 12-hour averages, 
and the standard deviation computed for each box is illustrated by the vertical bars. 
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Table 1 The time of occurrence of max wave setup and the corresponding  
wind-driven storm surge. 
Station 
Time 
(YYYYMMDD) 
Wave setup 
(m) 
Wind-driven 
storm surge (m) 
Wave setup/Total 
storm surge 
Sansha 20090809 06:00 0.21 1.01 17.2% 
Buoy 1 20090809 10:00 0.08 1.05 7.1% 
Pingtan 20090808 14:00 0.28 0.79 24.0% 
Chongwu 20090808 11:00 0.08 1.08 6.9% 
Xiamen 20090808 10:00 0.05 1.54 3.1% 
Dongshan 20090807 09:00 0.03 0.82 3.5% 
 
4.5. Water level and current effects on wave 
The SWH difference induced by water levels and currents was estimated by 
subtracting SWH results from ‘SWAN only’ from that of ‘ADCIRC + SWAN’. Again, 
the scatter plots are employed to relate the SWH difference with the tidal elevation 
and storm surge, respectively.  
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Fig. 10. Scatter plots showing the trend of SWH difference against tides (red dots) 
and coupled storm surges (blue dots) at regions of (a) Sansha, (b) Pingtan, (c) 
Chongwu, (d) Buoy 1 and (e) Buoy 2 during Morakot, The black vertical lines are 
error bars, indicating one standard deviation from the mean. 
 
A systematic increase in SWH difference is observed at large values of tidal 
elevation in the nearshore areas (Figs. 10a-c), with statistically significant correlation 
coefficient (R = 0.70, 0.61, 0.52 at Sansha, Pingtan and Chongwu, respectively). Also, 
the SWH difference trends positively with storm surge in these regions. The SWH 
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difference was in a phase-locked manner with water levels inside the estuary, which 
indicates water levels govern wave height modulations in the nearshore areas. A large 
increase of wave height, about 0.5 m, occurred at Sansha during high water levels 
induced by tidal change and storm surge. The SWH difference at other estuary 
regions was also significant, with a range of -0.4 m at low water levels and 0.4 m at 
high water levels.  
A much weaker and not significant correlation is observed at Buoy 1 (Fig. 9d). 
This weak correlation at Buoy 1 is likely to result from deep local water depth 
compared to three other stations. Additionally, the phase-locked manner failed at 
Buoy 2 (Fig. 9e), where a decrease of SWH occurred when ocean currents flow in the 
same direction with wave (not shown). It is consistent with conditions favorable for 
wave height decay when ocean current flows in the same direction of the wave, which 
is caused by the current-induced modification of wind energy input to the wave 
generation.  
 
5. Conclusions 
Taiwan and coastal Fujian are prone to large typhoons due to their geographic 
locations in the northwest Pacific. Here, the impact of wave-current interactions in the 
TS is investigated using a typhoon case from a simple one-way coupled ADCIRC + 
SWAN model. 
Model results reproduced in-situ observations well, especially at our dynamical 
interest regions. Including the effects of wave-current interaction leads to a better 
agreement between model results (e.g., SWH, water levels) with observations. Strong 
persistent winds during Morakot induced large waves, while wave breaking generated 
radiation stress gradients when waves propagate into shallow surf zone. Radiation 
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stress gradients subsequently result in wave setup via the transfer of momentum flux. 
The importance of wave setup, as compared with wind-driven storm surge, shows that 
wave effects can contribute up to 24% of the total storm surge. The modeled wave 
setup is up to 0.28 m during Typhoon Morakot. In our model, wind wave plays a 
critical role in shaping the wave setup in the nearshore areas. Nevertheless, it is likely 
that the extreme value of wave setup might be constrained by the gentle slope of 
bathymetry in the TS. 
The SWH is sensitive to the water levels in the estuary. High water levels due to 
tidal change and storm surge stabilize the wind wave and decay wave breaking, and 
vice versa. This mechanical forcing might play an important role in the regions of 
strong tides, such as the TS. Outside of the estuary, the SWH difference is explained 
by the current-induced modification of wind energy input to the wave generation. 
These results emphasize that considering effects of wave-current interaction in 
the circulation and wave models is needed in the TS during typhoons. Future studies 
should also consider other effects of wave-current interaction, such as the wave 
effects on surface roughness and bottom friction.  
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Highlights 
 
 
 Wave setup can contribute up to 24% of the total storm surge in the Taiwan Strait 
during Typhoon Morakot. 
 The wave contribution is strongly determined by wind field and the slope of the 
sea floor. 
 Water levels are to leading order in modulating significant wave height inside the 
estuary. 
 Wave-current interactions should be considered in the study area for a typhoon 
forecast. 
 
 
